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ABSTRACT 

Tlie  pertinent  facts  in  the  literature  have  been  examined  regarding  the  aerodynamic 
characteristics  of  static-pressure  measuring  probes  in  order  to  assess  the  relative  merits 
and  limitations  of  cone-cylinder,  sharp-cone,  and  planar  (disk)  probes.  The  effects  of  Mach 
number,  angle  of  attack,  orifice  location,  and  Reynolds  number  on  the  inferred  local 
pressures  were  all  evaluated  at  Mach  numbers  lip  to  8.  It  is  concluded  that  the  planar 
probe  and  sharp-cone  probe  (if  properly  designed)  arc  equally  more  accurate  than  the 
cone-cylinder  probe  at  supersonic  and  hypersonic  speeds.  However,  the  cone-cylinder  is 
judged  to  be  superior  for  use  at  Mach  numbers  below  4.  Details  of  a  recommended 
procedure  to  correct  for  the  effects  of  viscous  interaction  (all  probes)  and  angle  of  attack 
(planar  probes  only)  are  included. 
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SECTION  I 
INTRODUCTION 

The  determination  of  local  static  pressure  is  generally  acknowledged  to  be  considerably 
more  difficult  at  supersonic  speeds  than  it  is  in  subsonic  or  transonic  flows.  As  a 
consequence  it  is  a  measurement  seldom  attempted,  and  when  it  is,  any  inconsistencies 
with  surface  data  produce  suspicion  of  all  such  data  obtained.  This  situation  is  unfortunate 
since  it  exists  primarily  because  of  a  lack  of  organized  information  concerning  (1)  the 
influence  of  the  relevant  aerodynamic  parameters  and  (2)  the  limitations  of  conventional 
techniques  for  measuring  flow-field  static  pressure.  It  is  the  purpose  of  this  report  to 
collect  and  examine  the  pertinent  facts  on  this  subject. 

The  methods  considered  to  be  conventional  are  all  based  on  the  measurement  of 
the  surface  pressure(s)  on  either  planar  or  axisymmetric  bodies  of  small  size.  The  small 
size,  of  course,  is  dictated  by  the  needs  (1)  to  make  measurements  close  to  a  wall  or 
between  the  surface  and  bow  wave  and  (2)  to  minimize  the  effects  of  local  static-pressure 
gradients.  Planar  probes  are  sharp-leading-edge  flat  plates  of  either  rectangular  (flat-plate) 
or  circular  (disk)  planform.  Flat-plate  probes  have  been  used  in  sonic  boom  studies 
to  measure  pressure  field  signatures,  whereas  disk  probes  have  been  used  more  generally 
(e.g.,  Refs.  1  and  2).  Axisymmetric  probes  are  either  cylinders  with  sharp  noses  or 
sharp-tipped  slender  cones.  The  cone-cylinder  probe  (Ref.  3),  or  variations  of  it  (Ref. 
4),  has  received  the  widest  acceptance  of  all  methods,  most  likely  because  of  its  small 
diameter.  The  use  of  a  small  cone  probe  (Ref.  5)  to  determine  local  static  pressure  differs 
fundamentally  from  the  other  methods  in  that  it  requires  knowledge  of  the  relationship 
between  the  measured  pressure  on  the  cone  and  that  in  the  local  free  stream. 

In  principle,  a  location  on  all  probes  (other  than  the  cone  probe)  can  be  chosen 
such  that  the  inviscid  measurement  of  the  local  static  pressure  is  direct  and  independent 
of  Mach  number,  whereas  every  probe  is  fundamentally  sensitive  to  flow  angularity  and/or 
misalignment  effects.  In  addition  to  this  error  introduced  by  angle  of  attack  or  yaw, 
corrections  are  required  to  account  for  viscous  effects  manifest  as  (1)  self-induced  pressure 
gradients  on  the  probe  and  as  (2)  shock  wave  boundary-layer  interactions  when  the  probe 
traverses  severe  flow-field  pressure  gradients. 

SECTION  II 

DISCUSSION  OF  PROBE  CHARACTERISTICS 

2.1  AXISYMMETRIC  PROBES 

2.1.1  Cone-Cylinder  Configuration 

Typical  longitudinal  surface  pressure  variations  with  free-stream  Mach  number  (1.75 
<  M^  <  4.5)  are  presented  for  a  slender,  cone-cylinder  configuration  in  Fig.  1 ,  Appendix 
I.  These  data  (from  Ref.  6)  show  that  the  surface  pressure  must  be  measured  far 
downstream  of  the  shoulder  (at'  least  8D)  to  be  a  close  approximation  of  the  free-stream 
pressure.  These  data  also  indicate  that  the  pressure  ratio,  p/p„,  at  a  fixed  station  decreases 
with  Mach  number  increase.  It  is  interesting  to  note  the  influence  which  nose  shape  has 
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on  these  effects.  Transonic  data  and  hypersonic  data  (M^  <  8)  for  hemispherical 
noses  (Ref.  7)  show  that  nose  shape  influences  on  the  cylinder  pressure  are  not  discernible 
at  distances  of  8D  from  the  shoulder.  This  observation  is  generally  supported  in  Ref. 
8, by  data  for  M„,  =  7.5;  but,  because  of  viscous  effects,  it  was  recommended  that  the 
measurement  station  be  at  least  twice  as  far  from  the  shoulder  (16D).  Thus  nose  shape 
is  not  a  critical  requirement  in  the  design  of  a  ’'cone-cylinder"  probe. 

Typical  circumferential  surface  pressure  variations  on  a  slender,  cone-cylinder 
configuration  are  presented  in  Fig.  2  to  show  the  effects  of  Mach  number  and  angle  of 
attack.  The  significant  point  illustrated  by  these  data  is  that  the  location  of  the  measured 
pressure  equal  to  the  free-stream  value  varied  from  about  30  to  50  deg  (relative  to  the 
windward  generator)  moving  toward  the  90-deg  location-the  hypersonic,  Newtonian  limit 
as  Mach  number  increases.  This  sensitivity  of  measurement  to  angle-of-attack  variation 
is  shown  in  Fig.  3  for  the  above  noted  extremes,  since  the  location  gj  ~  40  deg  is 
approximately  the  minimum  value  recommended  in  Ref.  9,  and  the  to  =  90  deg  location 
is  the  location  most  often  observed  in  actual  use.  It  is  obvious  from  this  figure  that  the 
90-deg  location  is  not  best,  but  that  the  u  *40  deg  position  in  the  range  1.75  < 
<4.5  and  -2  deg  <  a  <  6  deg  will  measure  a  pressure  within  ±5  percent  of  the  free-stream 
value.  The  maximum  effect  of  angle  of  attack,  of  course,  is  measured  on  the  windward 
generator  (co  =  0),  and  the  fact  that  it  can  be  reasonably  well  estimated  by  impact 
(Newtonian)  theory  is  demonstrated  in  Fig.  4.  The  basic  data  in  Fig.  4a  (from  Ref.  6) 
have  been  replotted  in  Fig.  4b  versus  the  appropriate  Newtonian  parameter  to  show  that 
a  good  correlation  exists  and  that  the  error  caused  by  any  misalignment  grows  as  (M 
sin  a)2. 

Since  the  data  of  Ref.  6)  were  limited  to  M„  <  4.5,  it  is  quite  uncertain  whether 
the  ideal  circumferential  measurement  position  moves  closer  to  cu  =  90  deg  at  much  higher 
Mach  numbers.  In  order  to  examine  this  question  further  the  sweepback  principle  of  Ref. 
10  .is  invoked.  This  principle  concerns  the  independence  of  viscous  flow  in  planes  normal 
to  the  axis  of  a  cylinder  from  the  flow  in  planes  parallel  to  the  axis.  Thus  it  is  possible 
to  relate  the  flow  over  long  cylinders  at  different  free-stream  conditions  and  angles  of 
attack  solely  by  the  component  of  velocity  in  planes  at  right  angles  to  the  cylindrical 
axis.  Utilizing  pressure  data  (Refs.  11  and  12)  obtained  on  cylinders  normal  to  the  flow 
(see  Fig.  5)  the  principle  was  applied  to  the  conditions  corresponding  to  the  data  of  Fig. 
2  with  the  results  shown  in  Fig.  6.  Because  of  this  excellent  agreement,  the  substantial 
predicted  effect  of  Mach  number  shown  in  Fig.  7  must  be  considered  representative.  Hence, 
in  the  range  from  0  <  M  <  10  (see  small  inset  curve  at  top  of  Fig.  7)  the  circumferential 
position  of  the  pressure  equal  to  free-stream  value  is  predicted  to  move  over  an  increment 
of  40  deg.  Consequently,  it  is  not  possible  to  design  a  static-pressure  probe  insensitive 
to  flow  angularity  effects  for  surveying  hypersonic  flow  fields.  However,  these  results  do 
indicate  that  a  probe  fairly  insensitive  to  flow  angularity  (from  one  direction)  can  be 
designed  for  Mach  numbers  up  to  about  four.  It  is  suggested  that  if  precise  static-pressure 
measurements  are  required  in  flow  fields  of  large  streamline  curvature,  it  would  be  necessary 
to  measure  (1)  the  differential  pressures  with  a  flow  angularity  probe  and  (2)  the  Mach 
number  with  a  pitot  probe.  Then  by  an  iteration  procedure  the  effects  of  Mach  number 
and  angularity  on  the  static-pressure  measurement  could  be  corrected  using  the  sweepback 
principle  to  deduce  the  free-stream  value. 
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In  continuum  flow,  the  effects  of  Reynolds  number  on  the  displacement 
thickness-induced  pressure  perturbation  on  a  cone-cylinder  apparently  has  been  examined 
only  in  Refs.  8,  13,  and  14.  In  Ref.  8  it  was  shown,  at  least  for  6  <  <  7.5, 

that  the  viscous-induced  pressure  increments  at  various  axial  hole  locations  could  not  be 
correlated  by  the  interaction  parameter,  x-  It  was  shown,  however,  that  at  each  location 
the  induced  pressure  was  linearly  dependent  on  x  being  the  least  sensitive  at  the  most 
aft  location  (about  13D  from  the  shoulder).  Williams  (Ref.  8)  concluded  it  must  be 
presumed  that  a  residual  dependence  on  Mach  number  exists  for  this  interaction.  In  the 
absence  of  further  data  it  is  recommended  that  these  results  be  used  in  the  form 

pw/p  =  1  +  [0.212  -  0.01  AX/D]  x 

where  AX  =  distance  between  shoulder  and  orifice,  measured  in  inches. 

It  may  be  noted  that  this  expression  reduces  to  pw/p  =  1  +  0.132  x  when  AX/D  =  8, 
and  that  this  coefficient  of  x  is  much  less  than  the  theoretical  flat-plate  value  (which 
is  indicated  in  Ref.  15  to  be  0.31,  to  first  order).  It  is  to  be  noted  also  that  even  for 
low  density  flows  a  linear  correlation  of  pw/p  with  x  has  been  observed  (Ref.  16). 

Viscous  interactions  induced  by  shock  waves  are  readily  obtained  during  surveys 
through  severe  adverse  static-pressure  gradient  regions  as  well  as  through  shock  waves. 
The  effect  is  manifest  just  like  the  pressure  distribution  on  a  flat  plate  with  an  impinging 
shock  (see  Fig.  5  of  Ref.  3),  but  the  effect  can  be  almost  entirely  eliminated  by  tripping 
the  boundary  layer  on  the  probe  (Ref.  3)  as  long  as  the  wave  is  not  strong  enough  to 
separate  a  turbulent  boundary  layer.  An  additional  shock-induced  interaction  of 
considerable  importance  is  that  produced  where  the  probe  is  enlarged  downstream  to 
provide  a  rigid  stem  for  attachment  to  some  probe  support.  This  flare  can  produce  a 
significant  interaction  when  the  Reynolds  number  and/or  the  flare  angle  is  large.  A 
reasonable  maximum  value  of  10  deg  (semiangle)  for  this  flare  is  suggested  to  minimize 
the  interaction;  since  the  data  in  Ref.  17  indicate  that  the  size  of  the  interaction  at  high 
Reynolds  number  could  approach  40  percent  of  the  wetted  length  to  the  flare,  it  is 
recommended  that  the  distance  from  the  orifice  to  the  flare  be  the  same  as  that  from 
the  shoulder  to  the  orifice  (i.e.,  at  least  8D). 

2.1.2  Sharp  Cone  Configuration 

Characteristic  effects  of  Mach  number  on  the  circumferential  pressure  distribution 
of  a  yawed  sharp1  cone  are  illustrated  in  Fig.  8  by  the  inviscid  flow  solutions  of  Ref. 
18.  In  contrast  to  the  yawed  cylinder,  it  is  particularly  evident—  in  Fig.  8b—  that  the 
circumferential  location  of  the  pressure  equal  to  the  unyawed  pressure  is  considerably 
less  sensitive  to  Mach  number.  Since  the  inviscid  surface  pressure  is  constant  along  rays 
from  the  apex  of  the  cone,  the  longitudinal  location  is  unimportant;  on  the  other  hand, 
the  local  free-stream  Mach  number  must  be  known  in  order  to  infer  the  local  free-stream 
pressure  from  measurements  on  a  cone.  It  can  be  seen  in  Fig.  9  that  the  circumferential 
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rate  of  change  of  pressure  varies  inversely  with  cone  angle,  whereas  the  free-streum  pressure 
location  is  hardly  affected.  As  a  result  of  this  trend,  the  circumferential  variation  becomes 
more  regular  tending  toward  the  Newtonian  (sin  co)  dependence.  The  effect  of  angle  of 
attack  on  the  circumferential  pressure  variation  is  shown  in  Fig.  10a  to  be  generally  the 
same  as  that  shown  for  cone  angle.  A  hypersonic  correlation  of  inviscid  results  for  a 
<  10  deg,  presented  in  Fig.  10b,  shows  that  the  maximum  increment  in  pressure  relative 
to  free  stream  is  well  correlated  using  a  coordinate  derived  from  Newtonian  impact  theory, 
but  that  the  perturbation  caused  by  angle  of  attack  grows  in  a  less  direct  manner  than 
that  shown  in  Fig.  4b  for  planar  probes.  In  order  to  minimize  the  effects  of  flow  angle, 
an  average  of  pressures  measured  at  different  circumferential  positions  has  been  used  (Ref. 
19).  Inviscid  pressures  90  deg  apart  (four  positions)  and  180  deg  apart  (two  positions) 
were  averaged  over  a  180-deg  range  of  roll  variation  in  order  to  illustrate  (see  Fig.  11) 
the  decreased  sensitivity  of  these  mean  pressures  to  angle  of  attack.  It  is  noted  that  four 
pressures  averaged  are  much  less  sensitive  to  the  roll  orientation  than  two  pressures,  and 
that  the  relative  variation  is  much  smaller  with  respect  to  the  unyawed  cone  pressure 
(Fig.  11a)  than  it  is  with  respect  to  the  free-stream  pressure  (Fig.  lib).  Of  course  with 
the  four  pressures  individually  measured  it  is  possible  (if  pitot  pressure  is  known)  to  correct 
for  yaw  using  the  procedure  outlined  in  Ref.  19.  The  problem  with  this  approach  is  the 
size  limitation  imposed  by  four  tubes  installed  in  a  small  probe,  especially  small  angle 
cones.  It  can  be  shown  that  a  sensitivity  parameter2,  ■  9(pc/pp)/3M„  +  (pc/pp)  (at  zero 
yaw),  is  the  largest  when  the  cone  angle  is  the  smallest.  As  a  result  very  slender  cones 
will  yield  the  best  definition  of  local  free-stream  Mach  number.  It  is  therefore  apparent 
that  some  compromise  between  sensitivity  and  flow  angularity  effects  is  necessary.  Because 
measurements  are  seldom  required  in  a  flow  field  for  which  there  is  more  than  one  principal 
plane  of  streamline  curvature  or  for  which  the  general  orientation  of  the  plane  is  not 
known,  it  is  feasible  to  make  the  measurements  with  two  manifolded  orifices  oriented 
in  the  plane  normal  to  the  plane  of  flow  inclination  (i.e.,  co  =  90  deg).  The  results  of 
an  inviscid  evaluation  of  this  measurement  position,  presented  in  Fig.  12,  indicate  that 
the  slenderest  cone  will  yield  the  smallest  pressure  increment  for  a  given  angle  of  attack 
over  the  Mach  number  range  of  interest. 

The  effect  of  Reynolds  number  on  the  cone  probe  is  extremely  important  because 
of  its  short  length  (compared  to  a  cone-cylinder  probe).  Self-induced  pressures  caused 
by  the  displacement  thickness  growth  on  small  (D  =  1/4  in.)  12.5-deg  cones  have  been 
measured  (for  example,  Ref.  5)  and  found  to  be  in  fair  agreement  with  weak-interaction 
theory  corrected  for  conical  flow.  It  is  therefore  suggested  that  the  inviscid  cone  pressure 
be  inferred  from  the  measured  value  using  the  theoretical  (Ref.  20)  expression,  pw/pjw 
=  1  +  0.14  Xiw-  It  is  to  be  noted  that  this  expression  requires  knowledge  of  the  local 
inviscid  Reynolds  number  and  Mach  number  adjacent  to  the  cone  surface.  Thus  pitot 
pressure  measurements  are  required,  in  addition  to  the  appropriate  inviscid  cone  solutions, 
so  that  the  local  free-stream  pressure  may  be  inferred  after  an  iteration  process  to  determine 
the  weak-interaction  correction.  The  general  procedure  to  be  followed  is  detailed  in 
Appendix  II.  Comments  made  regarding  the  shock  wave,  boundary-layer  interaction  effects 


2Thij  parameter  results  when  the  error  propagation  of  M^is  evaluated  as  Moo=  M«/Pc,Pp)  in  terms  of  the  relative 
errors  of  these  basic  measurements. 
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on  the  cone-cylinder  apply  in  general  to  the  cone  probe.  It  should  be  noted  that,  for 
the  same  diameter,  the  Reynolds  number  on  a  cone  may  be  up  to  one-sixth  that  on 
a  cone-cylinder  probe.  This  will  reduce  the  scale  of  the  shock  interaction  effects 
considerably,  but  it  will  also  make  it  quite  difficult  to  trip  the  boundary  layer  and  eliminate 
the  effects  altogether. 

A  final  point  regarding  this  probe  concerns  its  range  of  applicability.  It  cannot  be 
used  at  subsonic  and  transonic  speeds  because  of  the  absence  of  inviscid  flow  solutions. 

2.2  PLANAR' PROBES 

The  primary  distinction  between  flat-plate  and  disk  probes  is  in  the  planform,  although 
the  orientation  of  the  plane  relative  to  the  plane  of  flow  inclination  is  a  distinction  to 
be  noted  between  them  in  practice.  For  example,  in  a  previous  investigation  the  flat-plate 
probe  was  orthogonal  to  the  flow  inclination  plane,  whereas  in  a  subsequent  test  the  disk 
probe  was  used  parallel  to  the  flow  inclination  plane.  An  inherent  assumption  in  the  use  of 
a  disk  probe  in  supersonic  flow  is  that  the  flow  is  identical  to  that  for  an  infinite  span  flat 
plate.  For  the  small  angles  of  attack  of  interest  here,  this  is  a  reasonable  assumption.  Hence, 
the  subsequent  discussion  will  be  about  disk  probes  in  general. 

The  maximum  inviscid  pressure  ratio  variation  with  angle  of  attack  (or  yaw)  is  that 
predicted  for  an  isentropic  compression  (or  oblique  shock  compression  for  the  conditions 
of  interest  here).  This  theoretical  variation,  presented  in  Fig.  13,  shows  quite  clearly  that 
the  major  problem  in  using  a  disk  or  plate  probe  is  the  alignment.  For  example,  note 
that  at  M„  =  8  a  10  percent  "error"  would  be  produced  by  a  misalignment  of  less  than 
0.5  deg.  It  is  shown  by  the  hypersonic  approximation  presented  in  Fig.  13a  that  the 
pressure  perturbation  (error)  above  free-stream  level  is  directly  proportional  to  both  the 
angular  misalignment  and  the  local  free-stream  Mach  number.  Thus  the  ratio  of  the  pressure 
perturbation  for  a  disk  relative  to  that  for  a  cylinder  varies  approximately  as  (M^  sin 
a)'1,  utilizing  this  approximation  and  that  previously  shown  in  Fig.  4b. 

Another  important  inviscid  effect,  which  is  more  pronounced  because  of  the 
two-dimensional  flow'.  is  the  influence  of  the  leading-edge  radius  which  produces  the  blast 
wave  effect  on  the  pressure  distribution.  Results  of  inviscid  calculations,  presented  next 
in  Fig.  14.  show,  for  example,  at  =  6  that  with  a  leading-edge  radius  of  Rn  =  0.01 
in.  measurements  must  be  made  over  1  in.  downstream  of  the  leading  edge  to  have 
a  pressure  perturbation  of  less  than  10  percent.  Hence  it  is  extremely  important  that 
the  leading  edge  be  made  very  sharp  in  order  to  eliminate  the  need  for  a  blast  effect 
correction. 

If  the  disk  probe  is  to  be  kept  as  small  as  possible,  there  obviously  will  be  a 
requirement  for  the  wcak-interaction  correction  mentioned  in  previous  sections  and 
outlined  step-by-step  in  Appendix  II.  Experimental  confirmation  of  the  wcak-interaction 
correction  for  a  disk  probe  is  not  available  Also,  because  of  possible  inflow/outflow  effects, 
calibrations  should  be  made.  In  addition,  it  is  necessary  to  establish  the  magnitude  of 
the  plate  misalignment  in  situ  and  to  account  for  the  effect  of  Mach  number  on  the 
resulting  pressure  perturbation.  A  procedure  to  evaluate  the  plate  misalignment  is  detailed 
in  Appendix  111,  and  the  alignment  factor  deduced  is  incorporated  in  Appendix  II. 
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Measurements  made  with  a  flat-plate  probe  (disk  surface  orthogonal  to  plane  of 
streamline  curvature)  are  subject  to  the  complicating  influence  of  multiple  wave  reflections. 
.Previously,  a  calibration  curve  was  determined  to  correct  for  the  reflection  of  the  model 
bow  wave  from  the  flat-plate  probe  surface.  This  curve  was  simply  the  overall  pressure 
ratio  across  a  single,  reflected  oblique  shock  related  to  the  pressure  rise  across  a  single 
oblique  shock.  That  this  procedure,  moreover,  will  also  work  for  more  than  one  wave 
is  illustrated  by  the  example  shown  in  Fig.  15.  It  may  be  observed  that  there  is  a  slight 
error  (less  than  2  percent)  accumulated  by  zone  3  as  a  result  of  the  more  efficient 
compression  (three  shocks  versus  one).  It  should  be  noted,  however,  that  this  method 
of  measurement  is  inherently  less  satisfactory  than  with  the  plate  rolled  90  deg  because 
the  pressure  rise  will  be  twice  its  actual  value.  This  only  aggravates  the  shock  wave 
boundary-layer  interaction  problem  by  roughly  doubling  the  region  of  influence  (Ref.  1 7). 
Consequently,  there  appears  to  be  no  valid  reason  for  using  a  disk  probe  in  any  orientation 
other  than  parallel  to  the  plane  of  streamline  curvature. 

This  probe  has  the  same  problem  as  the  cone  in  that  uniform  inviscid  flow  at  the 
measurement  station  cannot  be  assumed  to  exist  at  subsonic  and  transonic  speeds.  Therefore 
calibrations  must  be  made  for  this  range  of  conditions. 

SECTION  III 
CONCLUSIONS 

The  aerodynamic  characteristics  of  conventional  static-pressure  measuring  probes  have 
been  examined  in  detail  to  evaluate  the  influence  of  Mach  number,  angle  of  attack, 
Reynolds  number,  and  orifice  location.  Based  upon  results  presented,  the  following  specific 
conclusions  are  of  significance. 

1.  Cone-Cylinder  Probe: 

(a)  This  probe  is  best  for  measurements  ranging  from  subsonic  and  beyond 
and  that  by  locating  the  measurement  orifices  at  w  «  ±40  deg, 
circumferentially  from  the  windward  generator,  the  probe  will  be  relatively 
insensitive  to  positive  flow  inclination  at  0  <  M  <  4.  At  hypersonic  Mach 
numbers  the  circumferential  location  for  minimal  sensitivity,  however,  tends 
toward  co  =  90  deg. 

(b)  The  nose  shape  is  not  crucial,  but  it  should  be  sharp,  and  the  axial  location 
of  the  measurement  orifices  should  be  at  least  8  diameters  aft  of  the  nose 
junction  with  the  cylinder. 

(c)  Any  enlargement  in  diameter  downstream  of  the  measurement  orifices 
should  be  restricted  to  no  more  than  10-deg  flare  (semiangle)  and  should 
be  at  least  8  diameters  downstream. 

(d)  The  error  induced  by  positive  flow  inclination  for  oj  «  ±40  deg  tends 
to  indicate  local  pressures  higher  than  actually  do  exist  when  M  >  4(e.g., 
at  a  =  10  and  M  =  8,  about  115  percent). 
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(e)  It  is  indicated  that  the  effects  of  Reynolds  number  may  be  satisfactorily 
accounted  for  using  a  wcak-interaction  correction  based  on  limited 
hypersonic  data.  This  requires  pitot  probe  data  to  be  obtained 
simultaneously. 

2.  Sharp-Cone  Probe: 

(a)  Pitot  probe  measurements  arc  required  to  infer  the  local  static  pressure 
from  surface  pressure  measurements  regardless  of  the  significance  of  viscous 
effects. 

(b)  The  circumferential  position  of  measurement  for  insensitivity  to  positive 
flow  inclinations  increases  about  20  deg  in  the  Mach  number  range  from 
2  to  8.  A  good  compromise  location  is  with  a  pair  of  orifices  situated 
±85  deg  circumferentially  from  the  windward  ray. 

(c)  The  effects  of  self-induced  pressure  perturbations  must  be  considered,  and 
the  inviscid,  cone  pressure  may  be  estimated  using  a  cone,  weak-interaction 
correction. 

(d)  The  error  induced  by  positive  flow  inclination  of  10  deg  for  to  =  ±85 
deg  will  indicate  pressures  which  are  lower  than  the  true  static  pressure 
by  about  15  percent  at  M  =  2  but  which  are  approximately  correct  at 
M  =  8.  The  characteristics  of  cones  at  M  <  2  are  uncertain. 

3.  Planar  Probe: 

(a)  Because  of  the  significance  of  viscous  effects  on  the  measured  pressure, 
pitot  pressure  measurements  are  required  simultaneously  in  order  to 
implement  flat-plate  weak-interaction  corrections.  Experimental  confirma¬ 
tion  of  the  weak-interaction  correction  and  examination  of  posssiblc  inflow/ 
outflow  effects  are  needed  for  disk  probes. 

(b)  The  probe  should  be  used  with  its  surface  parallel  to  the  plane  of  flow 
inclination  (</>  =  90  deg)  in  order  to  minimize  shock  wave  boundary-layer 
interaction  effects  and  the  need  for  a  calibration  curve. 

(c)  The  primary  shortcoming  of  this  probe  is  its  sensitivity  to  angle  of  yaw 
misalignment.  To  compensate  for  this  perturbation,  independent 
measurements  (either  surface  or  free  stream)  arc  required  in  order  to  account 
for  the  effect  of  Mach  number. 

(d)  Care  must  be  exercised  at  hypersonic  speeds  to  ensure  that  the  leading 
edge  is  sufficiently  sharp  so  that  blast-wave-induccd  pressures  arc 
insignificant  at  the  orifice  location. 
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(e)  The  error  induced  by  a  positive  yaw  setting  error  of  0.5  deg  (considered 
an  achievable  alignment  precision)  will  be  no  more  than  about  10  percent 
at  M  =  8  and  2  percent  at  M  =  2. 

As  a  result  of  the  above  considerations,  it  is  concluded  that  the  planar  probe  and 
the  sharp-cone  probe  are  equally  capable  of  yielding  more  accurate  local  static-pressure 
measurements  than'  the  cone-cylinder  probe  at  supersonic  and  hypersonic  speeds  (4  <  M 
<  8).  However,  in  the  range  of  0  <  M  <  4.  the  cone-cylinder  probe  will  yield  the  most 
accurate  results,  in  general,  and  allow  measurements  to  be  made  at  the  lowest  Mach  number. 
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ALIGNMENT  FACTOR 
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NOTE:  All  Dimensions  in  Inches  Unless  Otherwise  Specified 
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b.  Mach  Number  Variation 

Fig.  2  Effects  of  Mach  Number  and  Angle  of  Attack  on  the  Circumferential  Pressure 
Variation  of  a  Slender  Cone-Cylinder  at  X/D  =  13 
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Data  Source:  Ref.  6,  Model  No.  2 
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Fig.  3  Effects  of  Mach  Number  and  Circumferential  Location  on  the  Pressure 
Ratio  Variation  with  Angle  of  Attack  for  a  Cone-Cylinder  at.X/D  =  13 
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a,  deg 

a.  Basic  Data,  X/D  =  13 


0.7  (M  sin  a)2  (p  -  p  )/q 
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b.  Newtonian  Correlation  of  Basic  Data 
Fig.  4  Influence  of  Mach  Number  on  the  Maximum  Sensitivity  of  Cylinder 
Pressure  Ratio  to  Angle-of-Attack  Variation,  co  =  0 
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Data  Sources: 


Refs.  11  and  12 


Fig.  5  Circumferential  Pressure  Distributions  for  Cylinders  Normal 
to  Flow,  Experimental  Results 
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Transformation  Expression: 

P\v  _  i  ,  7  m2  p 

_ ~  1  +  —  M  normal  p 

P  2 

where  P  =  P(Mnormal’  »  see  FiS-  5 


cn.  deg 


Fig.  6  Comparison  of  Yawed  Cone-Cylinder  Circumferential  Pressures 
with  Transformed  Distributions  of  Cylinders  in  Normal  Flow 
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Fig.  7  Effects  of  Mach  Number  on  Circumferential  Cylinder  Pressures  at 
a  =  10  deg  Predicted  by  the  Transformation  of  Normal  Flow  Data 


AEDC -TR-71-265 


CD,  deg 


a.  Absolute  Variation,  Inviscid 

Fig.  8  Effects  of  Mach  Number  on  the  Circumferential  Pressure  Variation  of  a 
10-deg  (Semiangle)  Cone  at  a  =  10  deg 
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b.  Variation  Relation  to  Unyawed  Level,  Inviscid 
Fig.  8  Concluded 
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Source:  AGARDograph  137, 

Ref.  18 
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Fig.  9  Effect  of  Cone  Semiangle  on  the  Circumferential  Pressure  Variation  at 
M„  =  8  and  a  =  10  deg 
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Source:  AGARDograph  137, 
Ref.  18 
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a.  Circumferential  Variation 
Fig.  10  Effect  of  Angie  of  Attack  on  Cone  Pressures 
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Source:  AGARDograph  137,  Ref.  18 


b.  Hypersonic  Correlation  of  the  Maximum  Increment 
Fig.  10  Concluded 
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Data  From  Fig.  9 


a.  Relative  to  Unyawed  Cone 


pc(a)  -  pc(0) 
Poo 


0,  deg 


b.  Relative  to  Free  Stream 

Fig.  11  Influence  of  Roll  Orientation  on  Averages  of  Cone  Pressure  at 
10-deg  Yaw  (M„  =  8  and  0C  =  12.5  deg) 
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Fig.  12  Effects  of  Mach  Number  and  Cone  Angle  on  the  Pressure  Increment 
Measured  at  a  =  10  deg 
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b.  I  sen  tropic  Pressure  Ratio 

Fig.  13  Influence  of  Mach  Number  on  the  Maximum  Sensitivity  of  Flat-Plate 
Pressure  to  an  Angle  of  Attack,  Inviscid  Flow 
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a.  Multiple  Shock  Flow  Field 
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b.  Comparison  of  Results 

Fig.  15  Example  of  the  Applicability  of  Flat-Plate  Measurements  in  Multiple 

Shock  Flows  Using  Single  Shock  Calibration  Curve,  a  Theoretical  Analysis 
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c.  Single  Shock  Calibration  Curve 
Fig.  15  Concluded 
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Data  are  assumed  available  for  the  same  coordinates  in  space  in  the  form  of 

|ip  =  pilot  probe  pressure,  psia 
pw  =  static  probe  pressure,  psia 


It  is  required  that  the  wetted  distance  from  the  tip  of  the  probe  to  the  wall  orifice, 
fi,  be  specified,  and  also  in  the  case  of  conical  probes  that  the  inviscid  flow  conditions 
on  the  surface  appropriate  to  the  cone  angle  be  available  in  the  form  of  a  power  series 
in  Mach  number,  for  example.  It  is  considered  necessary  to  correct  plate  (disk)  readings 
for  both  viscous  and  angle-of-attack  effects,  because  of  the  great  difficulty  in  verifying 
the  in  situ  alignment  of  this  type  of  probe.  A  special  procedure  is  required  to  deduce 
the  amount  of  the  plate  misalignment  which  is  incorporated  in  this  correction  procedure. 
The  evaluation  of  it  is  described  in  Appendix  III. 

The  correct  local  pressure  is  inferred  through  an  iterative  calculation  which  is  begun 
by  assuming  that  the  local  pressure  is  equal  to  the  probe  pressure;  that  is,  let  p  =  pw 
for  the  first  iteration. 

1.  Determine  the  local  Rayleigh  or  isentropic  Mach  number, 
a.  When  p  <  0.528  pp.  iterate  for  M  using 


b.  When  p  >  0.528  pp,  solve  for  M 

/7  .0.286  n 

M  =  /\(Pp'P) 

2.  If  a  plate  (disk)  probe  is  used,  account  for  the  angle-of-attack  effects  using  the 
value  of  Ka  derived  from  calculations  based  on  procedure  in  Appendix  III.  Note 
that  piw  is  the  inviscid  wall  pressure. 

a.  When  M  >  1.5,  use 

Pi»'p  = 1  +  KaM2/v^rr 

b.  When  M  <  1.5.  use 


Pi.'P  =  1  +  2KaVI 
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Calculate  the  inviscid  wall  Mach  number, 
a.  For  a  plate  probe,  use 

>  +  ^-(I'iw/p)0’285] 


Mi 


(p.  / p) 

r  IW  r 


0.143 


b.  For  a  cylindrical  probe  (0  =  0)  or  a  conical  probe  of  semiangle  0C  calculate 
the  inviscid  wall  Mach  number  using  a  polynomial  fit  of  theoretical  data. 


M,w  =  a0W)  -  I  an(0)M 
n=  1 

If  a  cylindrical  or  conical  probe  is  used,  calculate  the  inviscid  wall  pressure  ratio 
using  a  polynomial  fit  of  inviscid  theoretical  data. 

Piw'P  =  V0)  +  S  bn(0)M" 

n=  1 


Ideally  for  a  cylindrical  probe,  bo(0)  =  1  and  bn(0)  =  0  for  n  >  1. 

5.  Calculate  the  inviscid  wall  Reynolds  number  parameter  assuming  a  laminar, 
adiabatic  wall  temperature,  Tw. 


where: 


and  if 


(Re?/C)iw  = 


0.343f(p;w/p)p  M.w(Tw/T.w) 


u  T. 

^  W  1 


0.5 


Tiw  =  Tl+  (l  +  0.20  Mfw) 
Tw  =  Tiw(l  +  0.173  Mfw) 


a.  Tw  <  216°R 

f*w  =  8.06  Tw  x  10' 

b.  Tw  >  216°R 


227T  1,3  x  10-10 
_ w _ 

T  +  198.6 

W 
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6.  Compute  the  viscous  interaction  parameter  for  the  inviscid  wall  conditions. 


7.  Calculate  the  ratio  of  the  viscous  to  the  inviscid  wall  pressure. 

Pv/Piw  =  1  +  A'.Xiw 

where 

a.  For  plates  and  cylinders,  use  A  =  0.45  (Ref.  21,  p.  344) 

b.  For  cones,  use  A  =  0.14  (Ref.  20) 

8.  Compute  the  ratio  of  the  probe  to  local  pressure. 


9.  Calculate  the  inferred  local  pressure. 

P  =  Pw  *  (Pv/P> 

10.  Evaluate  the  absolute  change  of  the  inferred  pressure  from  iteration  (n  -  1)  to 
iteration  (n)  and  check  for  convergence  to  a  satisfactory  tolerance,  say  e  the 
estimated  transducer  uncertainty.  If  |p(n)  -  p(n  -  1)|  <  e  stop  iteration.  If  equal  to’ 
or  greater  than  e,  repeat  steps  1  through  10  using  p  =  p(n)  for  the  n  +  1  iteration. 
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APPENDIX  III 

PROCEDURE  FOR  EVALUATING 
THE  PLATE  ALIGNMENT  FACTOR 


To  evaluate  the  angle  of  attack,  a  (see 
sketch),  from  the  measured  plate  (disk) 
pressure,  pw ,  the  local  conditions  approaching 
the  plate  must  be  known,  that  is,  M  and  p. 
These  are  known  in  the  free  stream  of  a  test 
section  using  the  calibrated  Mach  number  and 
the  stilling  chamber  pressure  to  derive  the 
corresponding  p.  Or  a  reading  from  a  surface 
tap  on  a  model  or  tunnel  wall  combined  with 
a  pitot  probe  reading  obtained  at  the  same 
location  as  the  plate  will  provide  the  local 
of  course,  that  there  be  no  static 


(Rayleigh)  Mach  number,  M.  It  is  required, 
pressure  variation  between  this  surface  and  the  probe. 


This  strictly  requires  an  iteration  procedure  which  is  initiated  assuming  that  the  ratio 
of  inviscid  pressure  on  the  plate  (pjW)  to  the  local  pressure  (p)  is  equal  to  pw/p. 


1.  Compute  the  inviscid  plate  Mach  number. 


- 


M2-  S[l-(p.w/p)2^] 


(p,  /p> 


2/7 


2.  Compute  the  inviscid  plate  length  Reynolds  number  parameter. 

(Re£/C)iw  =  (Re£/C)(p;v>/p)(M.w/M)(T/Tiw)1,5 

where 

0.343£pM(Tvv//T) 

(Rep/C)  - - - - ,  a  constant 

1  ~0.5 

f*wT 

Tw  =  T(1  -r  0.173.M2) 

T  =  Tt_j.  (1  -0.2M2) 

Jiw  =  /*(TW),  see  Appendix  II,  Step  5. 

3.  Compute  the  plate  viscous  interaction  parameter. 

-  »?.  +  '/(Ref/C),„ 

4.  Calculate  the  plate  viscous  interaction. 


—  =  1  +  AX, 

p .  1 W 


where  A  =  0.45  (Ref.  21,  p.  344). 
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5.  Compute  the  effect  of  plate  angle  of  attack  on  the  pressure  ratio. 

p.  <p  /p) 

1  w  w 

p  ~  p  /p. 

r  rw  |K 

6.  Compute  the  relative  change  in  (pjw  /p)  from  Step  5  with  that  used  in  Step 
1  to  check  for  convergence  to  acceptable  answer. 

(Piw/P)n  "  <Plw/P>n-I 

(P.  /p)  , 

|  iw  n-i 

If  R  <  0.001,  go  to  Step  7,  but  if  R  >  0.001,  go  to  Step  1. 

7.  Compute  the  alignment  factor,  Ka,  and  the  plate  angle  of  attack,  a,  based  on 
thin-airfoil  theory  (Ref.  21,  p.  109). 

=  (piw/P-  1)(M2-  1)V7M2  forM  >  1 
and 

a  =  40.9  Ka 
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